Human aging is associated with decline in cognitive and physical functioning. Although pulmonary function predicts long-term performance (up to 10 years) on measures of cognitive function, recent data suggest the opposite relationship: Cognitive decline predicts self-reported physical limitations. In the study reported here, we utilized dual-change-score models to determine the directional relationship between pulmonary and cognitive function. Our sample consisted of 832 participants (ages 50-85 years at baseline), who were assessed in up to seven waves of testing across 19 years as part of the longitudinal Swedish Adoption/Twin Study of Aging. Changes in pulmonary function led to subsequent changes in fluid cognitive function, specifically, in tasks reflecting psychomotor speed and spatial abilities. There was no evidence that declines in cognitive function led to subsequent declines in pulmonary function. Thus, these data indicate a directional relationship from decreased pulmonary function to decreased cognitive function, a finding that underscores the importance of maintaining pulmonary function to ensure cognitive performance.
Cognitive decline with increasing age among healthy older adults has been well-documented and extensively studied (Salthouse, 2004; Schaie, 1994) . Early studies of aging processes have characterized cognitive decline as a component of global age-related behavioral slowing (Birren, 1974) , and recent studies have documented cognitive decline associated with a number of different age-related chronic health conditions, including cardiovascular disease (Verhaeghen, Borchelt, & Smith, 2003) , chronic obstructive pulmonary disease (Incalzi et al., 1998) , and hypertension (Waldstein, Brown, Maier, & Katzel, 2005) . Thus, declines in physical function and cognitive function have been associated with the aging process, but few studies have attempted to evaluate whether there is a causal relationship between these functions or to determine a direction of causality.
Pulmonary function, as measured with standardized spirometric assessment, has been utilized as an objective indicator of physical function in studies evaluating the relationship of physical function and cognitive function. Spirometrictesting outcomes-especially forced expiratory volume in 1 s (FEV 1 ) and forced vital capacity (FVC)-are commonly used measures of lung capacity and lung responsivity that may reflect pathophysiological changes in the lungs occurring normally with age. FEV 1 is the most commonly utilized indicator of pulmonary function in studies investigating the relationship of pulmonary function and cognitive function. Populationbased studies have documented that pulmonary function is a longitudinal predictor of cognitive function among older adults (Albert et al., 1995; Chyou et al., 1996; Emery, Pedersen, Svartengren, & McClearn, 1998) , as well as a crosssectional and longitudinal predictor among middle-aged and young adults (Anstey, Windsor, Jorm, Christensen, & Rodgers, 2004; Emery, Huppert, & Schein, 1997; Richards, Strachan, Hardy, Kuh, & Wadsworth, 2005) . Pulmonary function typically has been associated with measures of fluid cognitive performance (e.g., problem-solving ability, psychomotor speed, sequencing of information) rather than measures of accumulated crystallized knowledge (e.g., retrieval of information from long-term memory). Data from these populationbased studies, in turn, are consistent with data documenting increased dementia risk associated with lower levels of pulmonary function (Schaub et al., 2000) .
Despite documentation of longitudinal associations between cognitive function and pulmonary function, most studies have not evaluated whether changes in pulmonary function precede changes in cognitive function or vice versa. Causal hypotheses were addressed in one relatively recent prospective, population-based study (N = 1,778) in Great Britain (Richards et al., 2005) . Results of that study indicated that FEV 1 was associated with psychomotor speed among middleaged adults (43 years old) and that FEV 1 predicted change in psychomotor speed over a 10-year span (from age 43 to 53). In addition, cognitive ability at age 15 predicted FEV 1 at age 43 but did not predict change in FEV 1 during the subsequent decade (age 43 to 53). It was concluded that pulmonary function did not have a causal influence on cognitive function; instead, pulmonary function and cognitive function were thought to covary over the life span. However, the causal question remains to be further examined because this study did not include a measure of pulmonary function at the earliest assessment (age 15) and because analyses did not evaluate cognitive function in midlife as a predictor of change in pulmonary function at midlife.
To address the question of cause and effect, it is necessary to evaluate the extent to which each component (pulmonary function and cognitive function) predicts the other component over time using structural equation models that allow for dynamic interaction between the two components. The development of dual-change-score models (DCSMs) to characterize age changes has facilitated specification and testing of dynamic hypotheses about cognitive aging (McArdle, 2001; McArdle & Hamagami, 2003; McArdle, Hamagami, Meredith, & Bradway, 2000) . These models assist with identification of leading indicators of cognitive change by measuring the extent to which changes in one variable influence subsequent changes in a second, related variable.
In a recent population-based study of healthy older adults (mean age = 76.2 years) that utilized DCSMs, it was found that episodic memory (as measured by immediate and free recall of a list of 10 words) predicted self-reported functional limitations (e.g., using the telephone, taking medications, shopping, cooking, walking), but functional limitations did not predict memory (Infurna, Gerstorf, Ryan, & Smith, 2011) . This study utilized advanced statistical procedures but relied on a self-report measure of physical functioning and incorporated only one aspect of cognitive function (i.e., memory). The purpose of the present study was to apply DCSMs to data from the longitudinal Swedish Adoption/Twin Study of Aging (SATSA) to evaluate directionality in the relationship of pulmonary function, a widely regarded objective indicator of physical functioning, and four components of cognitive performance.
Method Participants
Participant data for the present study were obtained from the SATSA sample, which is a subset of twins from the populationbased Swedish Twin Registry (Finkel & Pedersen, 2004) . Testing at Wave 1 took place in person at a location convenient to the participants, such as district nurses' offices, health-care schools, and long-term-care clinics. Testing was completed during a single 4-hr visit. The second and third waves of in-person testing occurred at 3-year intervals. In-person testing did not occur during Wave 4; the next in-person testing occurred at Wave 5, after a 7-year interval (see Finkel & Pedersen, 2004) . Regular 3-year testing continued after Wave 5; therefore, the total time span from Wave 1 to Wave 7 was 19 years.
Participant data were included from all available time points. Dementia status at each wave was determined by clinical diagnosis based on current diagnostic criteria (Gatz et al., 1997) , and data were retained in analyses for all available assessments prior to any dementia diagnosis. In total, 832 individuals had cognitive and pulmonary data available from at least one testing occasion. Of those participants, 67% had data from three or more time points, and 12% participated in all six waves. Fifty-nine percent of participants were women, and 41% were men. Table 1 presents descriptive statistics at each wave. Because SATSA has a cohort-sequential design, new participants were added at Waves 2 through 5, and some participants were lost to attrition. Statistical modeling accounts for missing data by giving more weight to participants with more time points of data.
To maintain consistency with the 3-year testing interval and to maximize the age range available for inclusion in the study, we divided data into thirteen 3-year age intervals from age 50 to 86. However, the data for the cognitive factors were too sparse after age 86 to support statistical modeling (i.e., samples contained less than 15 participants); therefore, only data up to age 86 were included in these analyses.
Measures
Cognitive performance. Four cognitive domains are represented in the SATSA cognitive test battery (see Nesselroade, Pedersen, McClearn, Plomin, & Bergeman, 1988; Pedersen, Plomin, Nesselroade, & McClearn, 1992 Pedersen et al., 1992 , for original sources of all cognitive tests). Reliabilities for these tests range from .82 to .96 (Pedersen et al., 1992) .
Principal component analysis was used to construct latent factors from the individual tests within each domain: verbal ability, spatial ability, memory, and processing speed. Factor loadings ranged from .79 to .92. Previous comparisons of factor structure between cohorts and across testing occasions indicated that the factor structure did not vary systematically across age or time (Finkel, Reynolds, McArdle, & Pedersen, 2005) . To avoid variance in measurement (cf. Wicherts et al., 2004) , we created an invariant definition of factors at each testing occasion by standardizing the cognitive measures relative to the respective means and variances at Wave 1. Then, loadings from the factor analyses conducted at Wave 1 were used to construct the verbal, spatial, memory, and speed factors. For visual interpretation, all factor scores were later transformed to T scores using factor means and variances from Wave 1. Mean T scores at each wave are included in Table 1 .
Pulmonary functioning. Spirometric testing was performed during in-person testing on one of two intercalibrated portable 10-1 dry bellows Vicatest spirometers (Mijnhardt, Bunnik, The Netherlands) with subjects in a seated position and their nasal passages blocked with nose clips. Two measures of pulmonary function were collected: FEV 1 and FVC. At Wave 1 and Wave 7, only one trial was collected. During Waves 2 through 6, two spirometric trials were completed, and data from the best trial were used in the present analyses. During the course of the study, it became necessary to change spirometric equipment because of the increasing difficulty of transporting the Vicatest spirometers and the availability of new equipment that was lighter and easier for the nurses to use. Thus, at Wave 3, pulmonary function for 30% of the subjects was measured using the Vicatest, and the remaining subjects were assessed with a portable ML 330 spirometer (Micor Medical, Kent, England). The two spirometers were intercalibrated to ensure consistent measurement. FEV 1 and FVC values for both spirometers were expressed in body temperature and pressure saturated (BTPS) with water vapor. Mean uncorrected FEV 1 and FVC at each testing wave is reported in Table 1 . For the purposes of analysis, FEV 1 and FVC were corrected for height and gender, and the standardized score was then transformed to the T score metric for ease of interpretation.
Statistical method
DCSMs were utilized to examine age-related changes in cognitive performance and pulmonary functioning both independently and as part of bivariate relationships. Extensive discussions of the model are available (McArdle, 2001; McArdle & Hamagami, 2003; McArdle et al., 2004) , as well as comparisons of DCSMs with latent-growth-curve models (Ghisletta & de Ribaupierre, 2005; Lövdén, Ghisletta, & Lindenberger, 2005) . As can be seen in Figure 1 , the model is based on latent difference scores that create a growth curve based not on performance at a single age but on change from one age to another age (Δy), which is modeled as a function of both constant change (α) that accumulates over time in an additive fashion and proportional change (β) based on the previous score. In the full DCSM, α is set to 1, and the parameter β differs from 0 to the extent that the longitudinal change is nonlinear. The bivariate DCSM allows for a coupling mechanism (γ), where change in trait x depends on the previous value of y, and vice versa. Because previous analyses of data from SATSA have revealed minimal practice effects, retest was not included in the statistical models.
In this structural-equation-model formulation, it is possible to evaluate dynamic hypotheses about the temporal order of changes in variables through restrictions on model parameters. For that reason, we created five models. In Model 1, the relationship between the two variables was bidirectional, such that x affected changes in y, and y affected changes in x (i.e., both γ yx and γ xy were not equal to 0). Models 2 and 3 tested the dynamic relationship functions in one direction only, either with x as a leading indicator of change in y (i.e., γ yx = 0) or with changes in y preceding changes in x (i.e., γ xy = 0). In contrast, Model 4 was used to determine whether the crossvariable dynamic effects were equivalent (i.e., γ xy = γ yx ). Finally, in the most reduced model (Model 5), no dynamic coupling between the variables was included (i.e., γ xy = γ yx = 0). It is important to note that one of the fundamental assumptions underlying DCSMs is that data are missing at random. Previous investigations of SATSA data have suggested that, on such factors as personality ratings (Pedersen & Reynolds, 1998) and cognitive ability (Dominicus, Palmgren, & Pedersen, 2006) , participants who continue in the study are significantly different from those who drop out. Of most importance in age-based DCSMs is demonstrating that the pattern of missing data does not differ for older and younger participants. Cohort comparisons of missing data (Finkel, Reynolds, McArdle, & Pedersen, 2007) indicate that the patterns of participation are fairly similar, although older participants (71%) are somewhat more likely than younger participants (64%) to participate in at least three time points simply as a result of a greater number of opportunities for participation.
Univariate and bivariate DCSMs were fit to the data using Mplus (Muthén & Muthén, 2005) . Model fit was indicated by the -2 log likelihood (-2LL) and the root mean square error of at OHIO STATE UNIVERSITY LIBRARY on July 9, 2015 pss.sagepub.com Downloaded from approximation (RMSEA; Browne & Cudeck, 1993) . Adequate fit of the full model to the data is indicated when the RMSEA is less than or equal to .1, and an RMSEA of .05 or less indicates close fit. Hypotheses were tested by comparing model fit indices; nested models were compared using the difference chi-square test obtained by taking the difference between the obtained model fits (-2LL) and testing the significance of the chi-square test with the degrees of freedom equal to the difference in the number of parameters of the two models. Given the number of model comparisons conducted, the significance level was set at .01 to reduce the likelihood of Type I error. The current analyses focused on individual performance by including a correction for relatedness of twin pairs in the modeling (i.e., twin pairness was coded and included in models). Furthermore, all models were run in two subsamples, composed of one member of each pair, to confirm consistency with full sample results.
Results

Univariate analyses
In the first step of the analysis, the univariate DCSM was fit separately to the four cognitive factors and the two measures of lung function to verify the shape of the change trajectory across ages and to provide starting values for the bivariate DCSM.
Two models were fit to the data for each measure: a full model and a reduced model, in which β was set to 0. Parameter estimates resulting from fitting the full model are presented in Table 2 , along with fit statistics and the results of testing the reduced model. The fit statistics demonstrate that the univariate DCSM provides at least an adequate fit to the data for all six measures. Fit statistics for the reduced model testing nonlinear change are provided in the last row of Table 2 . For all four cognitive factors, removing β from the model resulted in a significant reduction in model fit, which indicates that the change trajectory for each factor was nonlinear. Removing β from the model did not result in a significant change in fit for either measure of lung function, which indicates that in this age range, decline in both FEV 1 and FVC is primarily linear.
Change trajectories indicated by the results of the univariate DCSM are presented in Figure 2 . Larger values of β are associated with more moderate acceleration of decline, as cognitive performance at the previous age contributed more stability to the estimation of change over time. The results presented in Table 2 and Figure 2 indicate that, as expected from previous investigations (e.g., Finkel et al., 2007) , accelerating decline is steepest for the spatial and speed factors, moderate for the memory factor, and modest for the verbal factor. Data in Figure 2 and negative β values for measures of lung function suggest decelerating decline; however, nonlinear change did not achieve significance. 
Bivariate analyses
Model fit statistics for the five comparison models are presented in Table 3 ; all reduced models were compared with the full model. As expected, in most cases, the results for FEV 1 and FVC were parallel, thus providing a measure of replication of the model-fitting conclusions. For the verbal factor, for example, setting the coupling between lung function and verbal ability to 0 resulted in a significant loss of fit for both FEV 1 (Δfit = 12, Δdf = 1, p < .01) and FVC (Δfit = 11, Δdf = 1, p < .01), whereas setting the coupling between verbal ability and lung function to 0 had no effect on model fit for either measure of lung function. However, testing Model 4 indicated that the two coupling parameters could be equated, for models including either FEV 1 or FVC, without significant loss of fit (Δfit = 5 or 6, Δdf = 1, n.s.), although the comparison with the full model was significant (p < .05). Taken together, these results indicate that although lung function is a leading cause of subsequent changes in verbal ability, the effect is at most modest. Because cross-trait relationships are the focus of model comparisons, coupling parameters are presented in Table 4 , in addition to fit statistics. (Complete modeling results are available from the authors.) As indicated by the RMSEA, the full model provided adequate fit to the data. The estimate of the coupling between FEV 1 and verbal ability in the full model was 0.12, indicating that higher scores on the FEV 1 measure precede shallower decline in the verbal factor. In contrast, the estimate of the coupling between verbal ability and FEV 1 did not differ significantly from 0, thus indicating no effect of the verbal factor on the rate of decline in FEV 1 .
The pattern of model-fitting results presented in Table 3 for the spatial ability and processing speed factors are generally similar. Results of testing the five DCSMs indicate one clear best-fitting model for the speed factor: the model in which the coupling between cognitive ability and lung function was set to 0. Results for the spatial factor were not consistent across models including either FEV 1 or FVC; coupling parameters could either not be dropped from the model (FVC) or could not be set equal to each other (FEV 1 ) without significantly reducing model fit. Thus the model-fitting results are consistent with the hypothesis that changes in lung function drive subsequent changes in spatial abilities and processing speed, but the results provide no support for changes in cognitive performance driving subsequent changes in lung function. Strong positive values for the couplings between FEV 1 and each of the factors (shown in Table 4) indicate that higher scores on FEV 1 precede shallower decline in spatial ability and processing speed.
Results for the memory factor are markedly different. Model-fitting indicates that the most reduced model, in which both coupling parameters were set to 0, provided an adequate fit to the data for both FEV 1 and FVC (Δfit < 1, Δdf = 1, n.s.). In fact, the parameter estimate for the coupling between FEV 1 and processing speed was 0.03 (SE = 0.06). The DCSM estimates correlations among slope parameters, and these correlation estimates also support the conclusion that the relationship between changes in memory and lung function is minimal. Correlations between the slope parameters of FEV 1 and the verbal, spatial, and speed factors were .70, .88, and .68, respectively. In contrast, the correlation between the slope estimates for FEV 1 and the memory factor was .17. Similarly, correlations between the slopes of FVC and the verbal, spatial, speed, and memory factors were .80, .93, .92, and .26, respectively. Thus, we can conclude that lung function has no impact on subsequent changes in memory, and memory has no impact on subsequent changes in lung function.
Discussion
Declines in components of cognitive function are associated with declines in standard indicators of pulmonary function. This relationship appears to be directional, with decline in pulmonary function leading to subsequent decline on cognitive tasks reflecting spatial performance and processing speed, common indicators of fluid cognitive abilities. Changes in pulmonary function also lead to changes in performance on verbal tasks, but the effect is very modest. It is interesting that there was no influence of pulmonary function on memory performance. In addition, there was no evidence that decline on any of the four cognitive factors led to decline in pulmonary function. Thus, the directional hypothesis was supported by these data, most strongly for speeded tasks and spatial functioning. These results extend findings of prior research, in which the directional hypothesis has been addressed (Richards et al., 2005) , by utilizing the DCSM approach to identify causal relationships. These results contrast with recent data from Infurna et al. (2011) suggesting that decreased memory function led to decreased self-reported functional abilities among older adults. Despite being conducted with advanced statistical procedures, the latter study included no objective measure of physical performance, such as pulmonary function. This study is the first to utilize advanced statisticalmodeling procedures to identify temporal causation between pulmonary function and cognitive function. Thus, these results provide a unique perspective on the interrelationship of physical function and cognitive function with age.
Consistent with prior research, our results showed that the decline in pulmonary function over the longitudinal interval was linear, whereas the decline in cognitive function was curvilinear and accelerating across all four of the cognitive factors studied. As expected, the decline was most steep for the spatial and speed factors, moderate for the memory factor, and modest for the verbal factor. The modest slope of decline in verbal performance may help to explain the limited relationship between pulmonary function and verbal function. Also, these results are consistent with prior studies documenting stronger associations of pulmonary function with fluid measures of cognitive performance than with crystallized measures (Anstey et al., 2004; Emery et al., 1998; Richards et al., 2005) .
The absence of an association between pulmonary function and memory function in this study was somewhat surprising and contrasts with recent data from Infurna et al. (2011) . However, these results are consistent with data from Richards et al. (2005) and not entirely inconsistent with data from Anstey et al. (2004) , who found a weaker relationship between pulmonary function and memory in their oldest cohort (ages 60-64) than in two younger cohorts. The equivocal results across studies are likely due, in part, to variability in the methods of assessing memory (e.g., short-term recall of digits vs. recall of visual information vs. prompted recall of lists). In this study, the relatively lower internal consistency of the memory factor may reflect heterogeneity of the component measures, which may have contributed to the absence of an effect. In addition, the inclusion of data from participants who later received a diagnosis of dementia likely contributed to variability in memory performance. Nevertheless, the present data are consistent with normative aging data, reflecting substantial variability in cognitive performance in all four domains as well as predictable decline in performance with age.
Although dual-change-score modeling appears to have important advantages over other methods for addressing hypotheses about dynamic relationships among variables (see Ghisletta & Lindenberger, 2003) , it is also limited by many of the statistical assumptions common to structural equation models. The data are assumed to be missing at random, the sample is assumed to be relatively homogeneous, and structural relations based on interindividual variance and on intraindividual variance are assumed to be equivalent (Lövdén et al., 2005) . One benefit of using latent factors instead of individual cognitive tasks is the resulting increase in reliable variance. In the current study, internal consistency was strong for all four cognitive factors, although it was somewhat weaker for the memory factor than for the other three. Thus, it is unlikely that the bivariate DCSM results are a by-product of the psychometric properties of the variables.
Results of this study help elucidate mechanisms by which pulmonary function may influence cognitive function. First, effects were present for vulnerable cognitive domains involving spatial performance and psychomotor speed ("fluid abilities"), and effects were limited or absent in areas of cognitive performance dependent on accumulated knowledge. To the extent that exercise may help maintain pulmonary function, these data are consistent with results of numerous exerciseintervention studies documenting a positive influence of exercise on fluid cognitive abilities but not crystallized cognitive function (Colcombe & Kramer, 2003; Smiley-Oyen, Lowry, Francois, Kohut, & Ekkekakis, 2008) . Pulmonary function decline also may contribute to decreases in cognitive performance via hypoxia, reduced neurotransmitter function, increased systemic inflammatory processes, or a combination of factors. In contrast with the data from Infurna et al. (2011) , our results showed no support for cognitive changes leading to changes in physical (pulmonary) function. These data also diminish support for a third, common variable because the presence of a third variable influencing both cognitive and pulmonary function would likely result in an absence of causal direction. Thus, the present data suggest that strategies for maintaining or improving pulmonary function may be important for maintaining fluid cognitive function with age.
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